ABSTRACT: Juvenile hormone (JH) is an insect hormone containing an R, -unsaturated ester consisting of a small alcohol and long, hydrophobic acid. JH degradation is required for proper insect development. One pathway of this degradation is through juvenile hormone esterase (JHE), which cleaves the JH ester bond to produce methanol and JH acid. JHE is a member of the functionally divergent R/ -hydrolase family of enzymes and is a highly efficient enzyme that cleaves JH at very low in vivo concentrations. We present here a 2.7 Å crystal structure of JHE from the tobacco hornworm Manduca sexta (MsJHE) in complex with the transition state analogue inhibitor 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP) covalently bound to the active site. This crystal structure, the first JHE structure reported, contains a long, hydrophobic binding pocket with the solvent-inaccessible catalytic triad located at the end. The structure explains many of the interactions observed between JHE and its substrates and inhibitors, such as the preference for small alcohol groups and long hydrophobic backbones. The most potent JHE inhibitors identified to date contain a trifluoromethyl ketone (TFK) moiety and have a sulfur atom to the ketone. In this study, sulfur-aromatic interactions were observed between the sulfur atom of OTFP and a conserved aromatic residue in the crystal structure. Mutational analysis supported the hypothesis that these interactions contribute to the potency of sulfur-containing TFK inhibitors. Together, these results clarify the binding mechanism of JHE inhibitors and provide useful observations for the development of additional enzyme inhibitors for a variety of enzymes.
and metabolism (1, 2) . Perturbation of this system can have deleterious consequences for the insect, a fact which has been exploited for pest control. For example, the JH analogue methoprene is a significant chemical line of defense against the larvae of mosquitoes that carry West Nile virus (3) . JH can be metabolized through cleavage of either its epoxide or ester moiety. The relative importance of these two pathways, both catalyzed by R/ -hydrolase enzymes (4) (5) (6) , varies with insect species, development stage, and tissue. Normal lepidopteran metamorphosis, for example, requires the degradation of JH via ester hydrolysis. Inhibition of ester hydrolysis leads to abnormally large larvae and delayed pupation (7) . The enzyme responsible for this ester hydrolysis is juvenile hormone esterase (JHE), which is found in the hemolymph and other tissues of insects at key times in development.
Insects have significant effects on human health, as vectors for diseases such as malaria and virus-induced encephalitis, and in agriculture, as pests and pollinators. It is therefore important to study JHE's function and specificity, which plays a key role in insect development. Understanding the specificity of the enzyme for various substrates and inhibitors will increase our knowledge of insect development. Results of this work are also generally applicable to the study of other carboxylesterases, some of which are important in the hydrolysis of a number of pharmaceuticals and other exogenous esters (8, 9) . Additionally, information gained from our study of the inhibitor's interactions with the binding pocket may prove to be useful in improving the potency of protein binding small molecules, such as enzyme inhibitors and receptor agonists and antagonists.
Four major forms of JH ( Figure 1A ) have been identified, all of which have an R, -unsaturated methyl ester and a terpenoid or homoterpenoid backbone with an epoxide distal to the ester. The R, unsaturation produces a particularly stable ester bond, due to resonance stabilization between the unsaturated bond and the carbonyl of the ester. Most lepidopterans produce predominantly JH I and JH II. The tobacco hornworm, Manduca sexta, which produces the JHE described in this paper, produces JH 0, JH I, JH II, and JH III (10) (11) (12) .
MsJHE is a very efficient enzyme, catalyzing the hydrolysis of JH III with a k cat /K m of at least 3 × 10 7 M -1 s -1 (13) . The enzyme is optimized to catalyze the reaction with a moderate k cat of 1.5 s -1 but has a K m of approximately 50 nM. As a member of the R/ -hydrolase family of enzymes, MsJHE catalyzes this hydrolysis in a multiple-step reaction. First, the catalytic serine, acting as a nucleophile, attacks the ester carbonyl carbon, releasing the alcohol and forming a covalent acyl-enzyme intermediate, via a tetrahedral transition state intermediate. Next, water attacks the carbonyl carbon of the acyl-enzyme intermediate, releasing the acid portion of the ester and regenerating the free, active enzyme. As with the first portion of this reaction, this step proceeds via a tetrahedral transition state intermediate.
Inhibition of esterase activity can have important biological consequences. Carboxylesterases, for example, are essential for activation and detoxification of many pharmaceutical compounds and other exogenous esters (8, 9) . Inhibition of JHE activity is also ultimately toxic for insects, and a number of potent inhibitors of JHE have been developed (14) (15) (16) (17) (18) . These compounds include the trifluoromethyl ketone (TFK) inhibitors ( Figure 1B ), which are transition state analogues that form reversible covalent adducts with esterases. TFKs were first reported as inhibitors of acetylcholine esterase (19) and, shortly thereafter, as inhibitors of both general esterase activity and JHE activity (19) (20) (21) (22) . Subsequently, they have been investigated as inhibitors of other esterases including mammalian esterases (23) and insect pheromone degrading esterases (24) (25) (26) . They have proven to be very useful compounds for studying insect development (7) . TFK inhibitors function by binding to the catalytic serine, which attacks the electrophilic ketone carbon of the TFK. The resulting acyl-enzyme complex has tetrahedral geometry, consisting of the trifluoromethyl group, the protein (via the serine), a hydroxyl (from the ketone oxygen), and an alkyl chain. However, because the inhibitor does not contain a 1 Abbreviations: AChE, acetylcholinesterase; JH, juvenile hormone; JHE, juvenile hormone esterase; MsJHE, JHE from Manduca sexta; HvJHE, JHE from Heliothis Virescens; OTFP, 3-octylthio-1,1,1-trifluoropropan-2-one; TFK, trifluoromethyl ketone; TFDK, trifluoromethyl decyl ketone. For all JH's, both unsaturated bonds are in the E isomeric form. All JH's have a chiral center at carbon 10, and this is the R isomer for all. In addition, JH 0, I, and II have a chiral center at carbon 11. For all three, this is the S isomer. (B) Structures of OTFP and TFDK. In aqueous solution the ketone to gem-diol equilibrium is shifted toward the diol on the basis of inhibitor potency, with potent inhibitors (e.g., OTFP) favoring the gem-diol form. The Greek letters R, , and γ refer to atom position relative to the carbonyl carbon.
cleavable residue (the trifluoromethyl group is a very poor leaving group), the enzyme is inhibited. It is possible for the reaction to proceed in the reverse direction, and in fact, OTFP can be removed by exhaustive dialysis (7) . However, since the equilibrium favors the formation of the enzymeinhibitor complex, TFKs are potent inhibitors of JHE.
A significant amount of work has been done to understand the structure-activity relationships (SAR) of these inhibitors (16-18, 20, 23, 27-31) . In general, the potency of aliphatic TFK's exhibits a strong positive correlation with lipophilicity, with a maximum potency corresponding to compounds of intermediate lipophilicity (log P of ∼4). However, inhibitor potency can be increased by specific substitutions that do not strongly affect the overall lipophilicity or shape of the inhibitor. For example, substitution of the -carbon with a sulfur atom leads to significantly increased inhibitor potency (21) . The sulfur atom was initially incorporated into TFK inhibitors to serve as a bioisostere of the olefin in juvenile hormone. It was thought that the electronic environment of a sulfur atom was an appropriate mimic of a double bond. The resulting increase in compound potency was greater than expected and led to a number of questions regarding the role of the sulfur atom in inhibitor potency. The initial hypothesis that the sulfur atom was mimicking the R, -unsaturated ester present in JH did not explain observed increases in the potency of sulfur-containing inhibitors that were observed with some other carboxylesterases (23) . A second hypothesis proposed that the hydration extent of the TFK moiety was directly related to inhibitor potency, with inhibitors whose extent of hydration was shifted to the gem-diol exhibiting greater potency ( Figure 1B) . The biological activity of the sulfur atom was partially explained by this theory (31), but there were remaining questions regarding its exact role in inhibition.
An additional theory hypothesized that the sulfur atom could potentially form π-stacking interactions with aromatic residues in the active site of the enzyme. π-stacking or sulfur-aromatic interactions in general have been shown to occur extensively in proteins between amino acid residues (32) (33) (34) . However, very few reports have examined these effects in small molecules (35) . Interactions of this type in proteins (e.g., between a cysteine thiol and a phenylalanine phenyl) are often characterized as hydrogen bonding in nature (36) . However, there are several different types of favorable sulfur-aromatic interactions that may occur, including hydrogen bonding to the aryl hydrogens, SH-π interactions, sulfur-π interactions, electrostatic interactions, and van der Waals and hydrophobic interactions (33) . Determining the exact factors leading to an energetically favorable sulfuraromatic interaction is not trivial. In this particular case, the lack of a free hydrogen on a thiol (such as that present in cysteine) simplifies the possible interactions because direct hydrogen bonding can be ruled out. Therefore, any potential interactions between the sulfur atom of OTFP and amino acid residues of the enzyme would involve divalent sulfur. Consequently, dispersion interactions are more suitable given the highly polarizable nature of both the benzene π-electron cloud and the sulfur empty d orbitals (37) . However, Zauhar et al. (35) report that while sulfur-aromatic energies tend to include a large van der Waals contribution, the electrostatic component is still of significant size, suggesting that sulfuraromatic interactions may have significant hydrogen bond character. In addition, it has been reported (33) that sulfuraromatic interactions in a -hairpin, which placed a methionine side chain in close proximity to an aryl side chain, were predominantly due to hydrophobic effects. It is therefore most likely that the observed effects represent cumulative contributions from multiple interactions, with dispersion or van der Waals forces playing a dominant role.
Whatever their exact nature, these associations would serve to increase the binding strength of the inhibitor and could account for the observed potency. In the case of OTFP, the hypothesis that there are sulfur-aromatic interactions between the inhibitor and MsJHE was supported by the observation that substitution of a sulfur atom in the γ-position ( Figure 1B ) did not result in equivalent increases in inhibitor potency as substitution in the -position (16) . This hypothesis was tested in the current study, which provides information on the role of the sulfur atom to the TFK moiety in inhibitor binding.
We present here a crystal structure of the JHE from M. sexta with the TFK inhibitor OTFP covalently bound to the catalytic serine. This structure contains a substrate binding pocket that is unusual for R/ -hydrolase proteins. The shape and physical properties of this binding pocket help to explain the enzyme's selectivity for JH and also help to explain the SAR for JHE inhibitors. Furthermore, the crystal structure shows the presence of an aromatic residue (Phe-259) that interacts with the sulfur atom in OTFP. Mutational analysis demonstrates that this phenylalanine accounts for some, though not all, of the increased potency of the sulfursubstituted TFKs.
MATERIALS AND METHODS
Protein Expression and Purification. Recombinant JHE from M. sexta was produced in insect High 5 cells cultured in ESF-921 medium (Expression Systems, LLC) by the recombinant baculovirus AcMS7JHE as previously described (13, 38) . The recombinant MsJHE for use in determining the crystal structure was affinity purified using MBTFP [3-(4-mercaptobutylthio)-1,1,1-trifluoropropan-2-one] linked to Sepharose beads and eluted with the inhibitor OTFP (3-octylthio-1,1,1-trifluoropropan-2-one) in a buffer containing 0.05% Triton X-100, as previously described (7, 27) . Anionexchange chromatography was done to remove the Triton and excess OTFP from the sample. An HQ (Poros 20 HQ; PerSeptive Biosystems, Framingham, MA) column was loaded with JHE in 50 mM Tris/50 mM bis-Tris propane buffer, pH 8.4, and protein was eluted with a 0-450 mM NaCl gradient in the same buffer. Surprisingly, this procedure produced two protein peaks of comparable size (with the Triton coming out in the void volume), though an SDS-PAGE analysis of the original sample showed only a single JHE band. The two peaks did not interconvert or reequilibrate after 3 days at 4°C. Thus, the two peaks were separated and exchanged into 10 mM Tris buffer, pH 7.4. Each sample was concentrated to roughly 10 mg/mL. N-Terminal sequencing of the resulting protein showed that the protein in both peaks begins with the sequence RIPSTE (i.e., starting at amino acid 23 of the full-length protein, which is the expected product after removal of the signal sequence during processing of the protein).
JHE with selenomethionine was produced as described above, except that 24 h postinfection the ESF-921 medium was replaced with L-methionine-free ESF-921 medium (Expression Systems, LLC) supplemented with 100 mg/L selenomethionine (Acros Organics). The resulting protein was affinity purified as described above, except that OTFP elution buffer did not contain Triton X-100. This method produced a dramatically lower protein yield.
Crystallization and Structure Determination. Each sample was concentrated to roughly 10 mg/mL in 10 mM Tris, pH 7.4, and screened by the hanging drop method, using 1 µL of protein mixed with 1 µL of precipitation buffer. Peak 1 protein formed crystals in 100 mM, pH 5.5, citrate with 20% (w/v) PEG 3000, but these crystals were not readily reproducible. Ultimately, more crystals were generated in 14% PEG 3000, 80 mM sodium citrate, and 20 mM citric acid. These crystals were used to generate the structure described here. Peak 2 protein initially crystallized into poorly formed crystals in 100 mM, pH 5.5, citrate with 2.0 M ammonium sulfate. Well-formed crystals of peak 2 selenomethionine-containing MsJHE were made in 100 mM, pH 5.5, citrate with 0.7 M ammonium sulfate.
Data on a selenomethionine peak 2 crystal were collected at the Stanford Synchrotron Radiation Laboratory, beamline 9-2. Unit cell dimensions were determined to be a ) 98.7 Å, b ) 98.7 Å, c ) 165.7 Å, and R ) ) γ ) 90°, with a spacegroup of P4 1 2 1 2. The crystal produced reflections at 2.4 Å spacing; however, R sym increased dramatically at resolutions greater than 2.7 Å, and thus data were refined only to 2.7 Å. Indexing, integration, and scaling of reflection data were carried out using Denzo and Scalepack (39) . Despite having a significant absorbance peak at selenium edge wavelengths, neither SOLVE (40) nor CNS (41) was able to find a phasing solution with an acceptable figure of merit or interpretable electron density. A synthesis map was made using phases calculated from the partial peak 1 model (see below) and applied to peak 2 reflections. Contouring the 2F o -F c density to 5σ produced strong peaks, three of which centered on the sulfur atoms of methionines in conserved regions showing good electron density in the composite omit maps. Not all methionines in the model and none of the cysteines in the model showed density at 5σ, suggesting that these peaks were not due to model bias. In addition, further refinement and model building did not significantly alter the positions of these atoms, further confirming their correct identification. However, even using these positions as seeds for MAD phasing, neither SOLVE nor CNS was able to find a phasing solution (Table 1) .
A crystal from peak 1 native protein diffracted to 2.7 Å resolution using 0.95 Å radiation at SSRL. Analysis of the diffraction pattern gave unit cell dimensions of a ) 96.8 Å, b ) 96.8 Å, c ) 165.4 Å, and R ) ) γ ) 90°and a space group of P4 1 2 1 2. The calculated Matthew's coefficient of 3.1 Å 3 /Da indicated that there is one molecule per asymmetric unit.
Molecular replacement, using EPMR (42), with acetylcholinesterase from Torpedo californica (23% identity and 36% similarity to JHE, as calculated by the AlignX module of Vector NTI Suite 9 software from Invitrogen) as a search model (43) gave a solution that was used as an initial model. Using this model as a starting point, multiple rounds of model building by hand using the program O (44), with composite omit, 2F o -F c , and solvent-flattened maps as a guide to correct amino acid placement, and positional refinement, energy minimization, and B-factor refinement using CNS (41) were carried out. The strong electron density peaks in the maps from the selenomethionine data set were used to identify the positions of methionines, which was a useful guide in determining the register of the amino acid chains.
Final model building brought R free to around 30%, at which point the OTFP inhibitor was clearly visible in both F o -F c and 2F o -F c maps. Libraries for OTFP were generated using the PRODRG website (45) , and inhibitor was modeled in. Nucleophilic attack of the catalytic serine on the carbonyl carbon of OTFP produces a tetrahedral covalent adduct. This tetrahedral adduct is chiral, with the chirality determined by the position of the inhibitor during the nucleophilic attack. Each enantiomer was modeled in separately, with comparable results in R free , and both fitting comparably within the density. Thus, it was impossible to distinguish between the enantiomers based on the crystal structure data. The enantiomer with the oxyanion pointing toward the putative R/ -hydrolase oxyanion hole was chosen for final refinement, because this reflects the expected form based on the generally accepted mechanism of ester hydrolysis. However, it is possible that the other enantiomer or some mixture of the two enantiomers was actually present in the crystals.
Geometry and side chain placement were adjusted by hand, using 2F o -F c density as a guide. Water molecules were added automatically, using CNS software, and then checked manually. The final model of the native peak 1 protein had an R cryst of 20.4% and an R free of 25.2%. Ramachandran statistics were calculated using the program Procheck (46) . Interactions between inhibitor and enzyme were calculated with the program Ligplot (47) .
Modeling of Substrate Binding. Atomic coordinate, topology, and parameter files for JH II (with the correct 2E,6E,-10R,11S stereochemistry) were generated using the PRODRG website. JH II was initially placed in the active site tunnel by hand, using the program O, with OTFP as a guide to placement of JH II. The initial fit was improved, and steric clashes were removed by using energy minimization in the program CNS. For the energy minimization step, the OTFPSer-226 covalent adduct was replaced by a serine that had been aligned by hand with the Ser-226 portion of the adduct.
Site-Directed Mutagenesis. The wild-type MsJHE gene (GenBank accession number AF327882) in the baculovirus transfer vector pAcUW21 was subjected to site-directed mutagenesis in order to generate MsJHE with Phe-259 replaced by isoleucine. Site-directed mutagenesis was performed using the primers 5′-ggtaccagttcatctgctatctttaccacgaacccgg-3′ and 5′-ccgggttcgtggtaaagatagcagatgaactggtacc-3′ using a QuickChange site-directed mutagenesis kit (Stratagene). The presence of the mutation was confirmed by DNA sequencing of the recombinant baculovirus transfer vector plasmid (pAcUW21-F259I). A recombinant baculovirus, AcMsJHE F259I, expressing the mutated MsJHE (MsJHE F259I) was generated by the transfection of pAcUW21-F259I with linearized BacPAK6 viral DNA (Clontech) following standard procedures (48) . MsJHE F259I protein was expressed in High 5 cells as described above for the wild-type MsJHE. For the inhibitor studies, MsJHE F259I and the wild-type MsJHE were purified by anionexchange chromatography using a Q-Sepharose column basically as described previously [method 2 (13) ]. The majority of the target protein eluted in the 350 mM NaCl fraction, which was desalted and concentrated using a Centricon 30 filtration device (Millipore).
Inhibitors and Substrates. OTFP was synthesized as previously described (31) . TFDK was synthesized as previously described (49) . NMR and MS for TFDK conformed to expected values. After purification TLC analysis yielded a single spot. Purity was also measured by HPLC analysis and was determined to be greater than 95% using UV detection at 214 nm. The HPLC analysis was performed using (A) 0.2% formic acid in water and (B) 0.2% formic acid in acetonitrile with a gradient that ran from 30% to 90% B over 30 min on a Waters Atlantis C18 column (2.1 × 100 mm). Mass spectral analysis was performed on a ThermoFinnigan LCQ Deca mass spectrometer.
Tritiated JH III was purchased from PerkinElmer Life Sciences, Inc. (Boston, MA), catalog number NET586, specific activity of 17.5 Ci/mmol, concentration of 0.1 mCi/ mL in toluene-hexane (4:1). Unlabeled JH III was purchased from Sigma (St. Louis, MO), catalog number J2000.
IC 50 Measurements. IC 50 measurements of OTFP and TFDK against both wild-type and F259I MsJHE were done essentially as previously described (27, 28) . Briefly, enzymes were diluted to concentrations such that they consumed from 15% to 20% of JH III substrate in the time of the assay (1: 8000 dilution for wild-type enzyme and 1:10000 dilution for F259I enzyme). Inhibitors were diluted in ethanol to 100 times final concentration (100×). The enzyme was aliquoted at 100 µL per tube into glass test tubes, three tubes per concentration of inhibitor, on ice, and 1 µL of 100× inhibitor was added. Following a 30 min preincubation on ice, a 1 µL solution of tritiated (5.15 × 10 -9 mmol) and unlabeled (5 × 10 -7 mmol) JH III was added for a final concentration of 5 µM JH III. Samples were mixed by vortexing and then put in a 30°C shaking water bath for 15 min. The reaction was stopped by adding 100 µL per tube of stop solution [methanol-water-ammonium hydroxide at a 10:9:1 (v/v) ratio] and vortexing. Isooctane (250 µL) was added per tube, and tubes were vortexed to extract unreacted JH III. Tubes were then spun for 5 min at 1800g, and 50 µL of the aqueous phase liquid (containing the reaction product JH III acid) was removed using a Hamilton syringe and added to a tube containing 1 mL of liquid scintillation liquid. The tube was then vortexed and radioactivity counted by a Wallac scintillation counter. Four concentrations, closely bracketing the IC 50 value, were used for each IC 50 determination. IC 50 's were measured for both OTFP and TFDK at the same time, using the same stock of enzyme and the same no inhibitor control in order to reduce variability in the measurement of the ratio of IC 50 's. Each IC 50 experiment was done three independent times, and the values were averaged to produce the results reported. (Figure 2A) . The MsJHE structure extends the canonical -sheet core from 8 to 11 strands by adding one strand ( 3) to the side of the core nearest the N-terminus and two strands ( 13 and 14) to the side nearest the C-terminus. In addition, there is a -sheet composed of one long ( 2) and two short ( 1 and 4) -strands that is located near the N-terminal side of the core sheet. The long strand is sandwiched between the two shorter strands on one end of the strand and adjoins the central -sheet core at the other. The 14 -strands of JHE overlay closely with those of AChE from T. californica. The structure contains 16 helices. Most of these also overlay well with helices of AChE. The rmsd between 438 CR's of MsJHE and AChE (43) is 1.9 Å.
RESULTS AND DISCUSSION
The opening of the binding pocket is formed by helices 4, 6, 9, and 10 and by the loop between helices 9 and 10. The lining of the pocket is formed by loops and helices from a wide range of the primary sequence. These include helices 8 and 12, which are connected by a disulfide linkage between Cys-358 and Cys-420. A long loop between -strands 3 and 4 reaches up to form one side of the pocket, making this the thinnest wall of the pocket, with solvent on one side of the loop and the tunnel on the other side. This loop also contains a disulfide linkage between cysteine residues 92 and 112, which are somewhat distant from the binding pocket. This disulfide is conserved in AChE, but in the case of AChE, the loop forms part of the opening to the active site, and the loop beyond the disulfide linkage is not well conserved between the two structures ( Figure 2B) . A loop between -strand 6 and helix 1 contains Gly-146 and Gly-147, which form part of the oxyanion hole. The nucleophile "elbow" between -strand 8 and helix 3 contains the catalytic Ser-226 and Ala-227, whose main-chain nitrogen forms the remaining part of the oxyanion hole. Other structural elements that make up the binding pocket include a loop between helices 6 and 7 and also a loop between -strand 9 and helix 4 (including part of helix 4).
ActiVe Site. The binding pocket of JHE is unusual for an R/ -hydrolase in that it is a long, narrow tunnel that contains the enzyme active site at one end ( Figure 3 ). This structure makes the catalytic residues inaccessible to surface solvent when the substrate is bound. This observation is in contrast to AChE and rabbit carboxylesterase, the two most closely related structures, based on primary sequence analysis, whose crystal structures have been solved (43, 50) . In these two structures, the catalytic serine is solvent accessible, even with substrate bound. Many lipases have lids that cover the active site and make them inaccessible to water. However, in these cases, the lids open in the appropriate lipid environment to expose the active site both to substrate and to solvent (4) .
As seen in Figure 4 , the surface of the JHE binding pocket is formed largely by hydrophobic residues. At the "floor" of the pocket, there are polar atoms from the oxyanion hole, the catalytic histidine and the catalytic serine. Aside from the catalytic residues, there are also some polar atoms closer to the opening. For example, the hydroxyl group from Thr-314 makes up a part of the surface of the binding pocket, as do the hydroxyls of Tyr-416 and Tyr-424, though those hydroxyls are hydrogen bonded to each other. As with AChE, a number of aromatic residues line the binding pocket. For example, the aromatic face of Phe-259 faces into the binding pocket, while the edge of the phenyl ring of Phe-425 points into the pocket.
Inhibitor Binding. Covalently bound OTFP is clearly visible in a simulated annealing F o -F c omit map of this structure and is seen attached to the catalytic serine, residue 226 ( Figure 5 ). The catalytic histidine 471 is 2.8 Å away from the γ-oxygen of Ser-226, while the catalytic acid Glu-357 is only 2.5 Å away from His-471. The oxyanion of the covalently bound OTFP is well oriented toward the oxyanion hole, which consists of the backbone nitrogens of Gly-146, Gly-147, and Ala-227. This arrangement of atoms is entirely consistent with the proposed catalytic mechanism of JHE ester hydrolysis (4, 6) . The arrangement of the catalytic triad is as expected, with the serine acting as a nucleophile to attack the carbonyl carbon and the histidine in position to polarize the serine oxygen and catalyze the removal of the proton from the attacking nucleophile. The aspartic acid is found on the opposite side of the histidine from the serine, as expected for its function of orienting the histidine (51) . Note that the catalytic histidine provides the hydrogen for the methanol leaving group of JH (5). Consistent with this, His-471 is only about 3.9 Å from the carbon atom of the trifluoromethyl group. This carbon atom is analogous to the alkoxide oxygen atom in the JH ester, which gives rise to the alcohol hydroxyl.
The remainder of the OTFP consists of carbon atoms and the one sulfur atom. Of these atoms, only the C3 carbon, as labeled in Figure 1B , and the C11 carbon of the alkyl chain of OTFP ( Figure 1B ) make contact with polar residues. The C3 carbon is 3.2 Å from His-471, and the C11 carbon is 3.1 Å from the hydroxyl of Tyr-416. The remaining carbon atoms make hydrophobic contacts with mostly hydrophobic residues lining the binding pocket of JHE, including Phe-259, Leu-313, Phe-361, Phe-365, and Ile-368. In addition, there are contacts with nonpolar atoms of polar residues, such as with the side chain γ-carbon of Thr-314, and the aromatic ring of Tyr-424 ( Figure 6 ). The sulfur atom of OTFP is roughly 3.7 Å away from the aromatic face of Phe-259 ( Figure 7) .
Substrate Binding and SelectiVity in JHE Family Enzymes. A structure that includes a bound inhibitor facilitates predictions regarding the binding of the JH substrate to the enzyme. Figure 8 shows a model of JH II bound to the active site, prior to the formation of the acyl-enzyme intermediate. The substrate fits remarkably well into the binding pocket. Note that there is a constriction in the binding pocket that is between the substrate epoxide and ester moieties. This constriction is due to the Leu-313 side chain and allows for a tight fit between the substrate and the binding pocket. In particular, the 2E isomer appears to be favored by this geometry, as the 2Z form would likely lead to steric clashes between Leu-313 and the -and γ-carbons of JH. Once the substrate was modeled, a multiple sequence alignment was performed to give some hint at determinants for specificity of the enzyme by examining conservation in the active site region. Figure 9 shows a sequence alignment of portions of JHE with three other lepidopteran JHEs (Bombyx mori, Heliothis Virescens, and Choristoneura fumiferana), one dipteran JHE (Drosophila melanogaster), and one coleopteran JHE (Tenebrio molitor). This alignment contains all of the residues that make up the binding pocket. The catalytic triad and residues making up the oxyanion hole are absolutely conserved in these enzymes. Surprisingly, despite working on the same or very similar substrates, only one noncatalytic residue in the binding pocket is absolutely conserved in all six species, Thr-314. Interestingly, the substrate can be modeled such that the hydroxyl group of this residue is close to the epoxide of JH II. This suggests that a hydrogen bond between this residue and the epoxide may provide some substrate selectivity. Hydrogen bonds to an epoxide are seen in the crystal structure of human epoxide hydrolase, another R/ -hydrolase enzyme (52) .
A JH epoxide hydrolase is found in insects and produces a JH diol from JH (53, 54) . It is not clear whether this reaction happens before or after hydrolysis of the ester. It is possible, therefore, that the Thr-314 hydrogen bonds to the diol (most likely the alcohol off of the C10) rather than or in addition to the epoxide. The 6E geometry is important for the interaction between Thr-314 and the epoxide (or diol). The 6Z isomer appears to fit into the binding cavity well, but it appears to prevent the epoxide (or diol) from moving within an easy hydrogen bond distance of the Thr-314 hydroxyl. The 11S stereochemistry is also worth noting. When JH is modeled so that the epoxide interacts with Thr-314, the 11S stereochemistry places the C11 ethyl group of JH II into a fairly large cavity and away from any interactions with the walls of the MsJHE binding tunnel. Thus, one would not expect there to be a large difference in the k cat /K m ratio between JH II, which has a C11 ethyl, and JH III, which has a C11 methyl group, as substrates. Although JH II is not commercially available in radiolabeled form, Abdel-Aal (28) found little difference in the ratio with JH I and JH III with MsJHE.
The lack of conservation across orders of residues other than Thr-314 may be a result of the hydrophobic nature of much of the enzyme-substrate interaction. It may be sufficient for the binding pocket to be largely hydrophobic and correctly shaped in order for the substrate to bind with high selectivity. For example, the Leu-313 that forms the constriction in the binding pocket of MsJHE is an isoleucine in C. fumiferana and a methionine in D. melanogaster. Both of those substitutions should produce a similar constriction in the binding pocket.
Although Thr-314 is the only absolutely conserved noncatalytic residue lining the binding pocket, among the lepidopteran JHEs there is substantial conservation of these residues. For example, of the 24 noncatalytic residues lining the binding pocket of MsJHE, 16 (67%) are identical to the corresponding residues in the H. Virescens JHE (HvJHE). This strongly suggests that the binding pockets of at least the lepidopteran JHEs (and, considering the absolutely conserved Thr-314, most likely all JHEs) will be very similar.
Previously, a homology model of HvJHE had been made using AChE and a lipase as a basis for the model (55) . Now that we have a structure of MsJHE and know that HvJHE most likely has a similar binding pocket, we can evaluate the accuracy of the HvJHE homology model. The homology model failed to predict that JHE would have a binding tunnel and, instead, inaccurately predicted that it would have a binding cleft. Furthermore, while predictions of the location of the catalytic residues and of overall topology were correct, prediction of the substrate binding was incorrect. In the HvJHE model, the R-carbon of JH is modeled in the position where the OTFP trifluoromethyl group is found in MsJHE, and the aliphatic chain extends through what is one wall of the binding tunnel in MsJHE. Consequently, the alcohol portion of JH is modeled in HvJHE where the OTFP aliphatic chain is found in the MsJHE structure. It turns out that the regions making up the binding pocket in MsJHE deviate significantly in their structure from those comparable regions of AChE ( Figure 2B ) and the lipase. This points to the difficulty of generating accurate homology models of R/ -hydrolases when the hydrolases act on different substrates and suggests that great care should be taken when interpreting such homology models.
The structure of MsJHE offers an explanation for the SAR previously seen for JHE substrates and inhibitors. The requirement for a small alcohol portion of the ester (56, 57) is readily explained by the lack of space in the floor of the binding pocket. Large alcohols simply lack the room to move deeply enough into the enzyme to allow the catalytic serine to attack the carbonyl carbon of the ester. The good correlation of lipophilicity with inhibitor potency and ability of the thioester substrates to be cleaved is also fairly evident from the structure. Smaller alkyl chains are more hydrophilic and thus do not partition as well into the hydrophobic binding pocket. Longer chains become too long for the binding pocket and thus do not fit as well. The preference for straight alkyl chains is likely due to steric constraints in the narrow binding pocket. For example, it is easy to see why a cyclohexyl or phenyl group attached to the OTFP sulfur would not fit as well into the pocket as would a straight hexyl group.
Enzyme-Inhibitor Sulfur-Aromatic Interactions. The potency of TFK inhibitors had previously been shown to positively correlate with the extent of ketone hydration (31) . However, for some enzymes (especially JHE) this correlation did not appear to fully explain the increased potency. To clarify this discrepancy, it was hypothesized that the sulfur atom to the carbonyl ( Figure 1B ) could engage in π-stacking interactions with an aromatic residue in the enzyme active site, thereby increasing the affinity of the inhibitor for the enzyme, though no JHE structure had as yet been determined (31) . Examination of the JHE structure shows that Phe-259 is 3.7 Å from the OTFP sulfur atom (Figure 7 ). π-stacking interactions of sulfur atoms with aromatic residues occur at distances of 5.0 Å or less (37, 58) . The evidence from the crystal structure was therefore highly suggestive of an energetically favorable interaction between the sulfur of OTFP and the Phe-259 residue. In further support of this hypothesis, examination of the sequence alignment of multiple JHEs shows that aromatic residues are conserved in the Phe-259 position ( Figure 9 ). The conserved residue is a tryptophan in T. molitor and a phenylalanine in all other species examined. Consistent with the role of sulfur in inhibitor binding is the observation that thioester JH surrogate substrates have an approximately 4-fold lower K m when sulfur is substituted for the carbon to the carbonyl (i.e., analogous to the sulfur position in OTFP) (56) .
To directly test the hypothesis that the increased potency of sulfur-containing JHE inhibitors was due to sulfuraromatic interactions, a JHE mutant was generated in which Phe-259 was replaced by isoleucine. The inhibition potency was measured for both OTFP and an OTFP analogue in which the sulfur atom to the ketone had been replaced with a methylene group [TFDK (trifluoromethyl decyl ketone), Figure 1B ] for both the wild type and the F259I mutant. Results showed that OTFP has a 24-fold lower IC 50 against the wild-type enzyme than TFDK (IC 50 's ) 22 ( 3 and 530 ( 32 nM, respectively; Table 2 ). On the other hand, OTFP has only a 5-fold lower IC 50 with the F259I mutant versus with TFDK (IC 50 's ) 330 ( 57 and 1600 ( 150 nM, respectively). This increase in the relative potency of OTFP for the wild-type over the mutant enzyme is consistent with the sulfur atom contributing to the binding affinity of the inhibitor. Interestingly, OTFP was still more potent than TFDK with the F259I mutant, indicating that the effects of the -sulfur atom upon ketone hydration state are also important for inhibitor potency (31) . These results suggest that the favorable effects of sulfur inclusion in JHE inhibitors are due to a combination of effects including hydration equilibrium and sulfur-aromatic interactions, as well as other unknown contributions.
The strength of the sulfur-aromatic interaction depends greatly upon the geometry of the interaction. In this structure, the sulfur of OTFP is 3.7 Å from the -carbon of Phe-259, and a line connecting these two atoms is nearly perpendicular to the plane of the aromatic face of the phenylalanine ( Figure  7 ). It is important to note that this structure shows the covalent attachment of OTFP to MsJHE, and so, except for any interaction that acts to favor the tetrahedral form of OTFP, the sulfur-aromatic interaction does not affect the attachment of OTFP to MsJHE. The sulfur-aromatic interactions are significant in the initial binding that places the ketone carbon near Ser-226, enabling the formation of the covalent interaction, and in maintaining the position of OTFP when the covalent bond reverses, thereby allowing reformation of the bond. The exact placement of the sulfur Figure 2 . The sulfur-phenylalanine interaction is shown in three orientations. In the leftmost two orientations, the same carbon (which is closest to the sulfur atom) is labeled by the dashed red line. In the rightmost orientation, this carbon is not visible because it is below the OTFP.
FIGURE 8: A model of JH binding to substrate. The orientation is identical to the top panel in Figure 4 , and the surface is again shown as a mesh representation, though it is not color coded. (A) OTFP is shown as a stick representation using the same color scheme as in Figure 2. (B) JH II is shown as a stick representation using the same color scheme as in Figure 2 and with the same orientation as in panel A. (C) A surface representation of JH II was produced in the absence of JHE and then shown inside the binding pocket. atom in the noncovalently bound state will likely be different from the orientation in the covalently bound state since the covalent attachment brings the ketone carbon close to the Ser-226 γ-oxygen and changes the geometry of the ketone carbon (from planar to tetrahedral), thus changing the fit of the inhibitor in the active site. Changes in the placement of the TFK portion of the inhibitor are likely to lead to changes in placement of the sulfur atom, which is only two atoms away from the ketone carbon.
In addition to the uncertainties in the location of the sulfur atom in the noncovalent inhibitor-enzyme complex, there is some uncertainty as to the optimal geometry of the sulfuraromatic interaction. For example, an interaction between sulfur and the face of the phenylalanine benzene ring has been reported to be favored in some studies (59) and unfavored in others (35, 37) . Tauer et al. (59) modeled interactions of H 2 S with benzene and reported that the optimal intermonomer distance was 3.8 Å with an interaction energy of -2.81 kcal mol -1 . While these results agree nicely with those observed in the JHE structure, they also report that the H 2 S-benzene attraction arises from a favorable electrostatic interaction between partially positive hydrogens in H 2 S with the negatively charged π-cloud of the benzene. Because the divalent sulfur in these studies contains no hydrogens, it is unlikely that such strong electrostatic interactions are occurring. Other studies have reported that a polarized sulfur atom can interact with the positive FIGURE 9: Partial sequence alignment of six JHE's. Sequence alignments showing those portions containing all residues that line the active site pocket of four lepidopteran (top four), a coleopteran, and a dipteran JHE. Absolutely conserved residues are shown in red type with yellow background. Residues conserved in at least three of the six are shown in blue type with light blue background. Blocks of residues of similar kind are shown black type with green background. Residues showing no conservation are shown in black type with a white background. Numbers reflect the numbering of JHE. Catalytic residues are indicated with a blue dot, and residues that directly form the active site are indicated with a red dot. The secondary structure of MsJHE is indicated above the alignments. hydrogens of the aromatic ring. However, given that sulfur has a low electronegativity (essentially the same as carbon, 2.58), it is difficult to imagine this scenario accounting for all of the observed favorable effects. It is possible that the sulfur lone pairs could interact favorably with the ring hydrogens (35) . However, this interaction would depend greatly upon the geometry of the bound inhibitor.
Despite uncertainty in the nature of the sulfur-aromatic interaction between OTFP and MsJHE, the combination of the proximity of the OTFP sulfur atom to Phe-259 and the IC 50 data of the wild type and F259I mutant with OTFP or TFDK demonstrates that there is a binding energy benefit to the inclusion of sulfur in inhibitor structure and that a large portion of the effects are due to interactions with Phe-259. While it is not possible to directly determine the strength of this particular sulfur-aromatic interaction, previously reported studies generally agree on a range of 1-3 kcal mol -1 for sulfur-aromatic interactions in general, placing the interaction between pure van der Waals forces and that of a hydrogen bond (35) . This is in general agreement with our data. To get a rough estimation of the free energy advantage of the sulfur-aromatic interaction, we can use the following analysis: , we can solve for ∆∆G and find that ∆∆G ) -RT ln (15) ) -1.6 kcal/mol. This equation gives us the overall stabilization of the OTFP in the wild-type versus the mutant enzyme. However, the wildtype IC 50 is lower than the mutant even with TFDK as the inhibitor, suggesting a general destabilization due to the mutation. To account for that, we can perform the same calculation for mutant and wild-type enzymes with TFDK, and we find that ∆∆G ) -RT ln(1600/530) ) -0.66 kcal/ mol. Thus the overall stabilization (enhancement of potency of OTFP with phenylalanine instead of the mutant minus loss of potency due to the mutation) of the sulfur-aromatic interaction in our structure is roughly 1 kcal/mol. Further studies could attempt to more accurately determine the strength of this sulfur-aromatic interaction. We have demonstrated that these sulfur-aromatic interactions can be important in small molecule binding to protein targets. Therefore, increased focus should be placed upon investigating these forces as sulfur-aromatic interactions are not restricted to amino acid residues within the protein.
Conclusions. The increased potency resulting from the sulfur moiety of OTFP appears to be due to a combination of effects including sulfur-aromatic interactions with aromatic residues in the active site as well as contributions to the hydration state of the inhibitor. The improved potency from the sulfur interactions of the OTFP sulfur with the phenylalanine has implications for the development not only of JHE inhibitors but also of pharmaceutical compounds that bind to proteins, especially other carboxylesterases. In cases such as treatment of central nervous system disorders or intracellular enzyme targets, it can be desirable to increase the compound potency without generating a charge or increasing polarity, since this can reduce the ability of a compound to cross the blood-brain barrier or a cell membrane. Provided there is a suitable aromatic residue at the site of compound binding, the addition of a sulfur atom capable of interacting with the aromatic residue may increase compound potency while keeping the compound sufficiently lipophilic to reach its intended destination.
The demonstration that there are sulfur-aromatic interactions between the OTFP sulfur and Phe-259 suggests that similar interactions occur between the R, -unsaturated bond of JH, which is in roughly the same position as the OTFP sulfur, and this conserved aromatic residue. These interactions could facilitate binding and alignment of the substrate in the active site. These interactions would also reduce the resonance stabilization of the R, -unsaturated bond, effectively lowering the activation energy required to cleave this relatively stable bond.
The crystal structure of MsJHE gives us insights into why it is such an efficient enzyme, with a very low K m . The efficiency is likely due to the tight fit between the enzyme binding pocket and the substrate, along with the hydrophobic nature of the interaction. The substrate is very hydrophobic and will subsequently readily partition into the enzyme active site. Aside from the shape of the active site, at least two specific residues, Thr-314 and Phe-259, appear likely to interact with the JH epoxide and R, -unsaturated ester bonds, respectively. It seems likely that the slow k cat may be due to a combination of the solvent inaccessibility of the catalytic serine, hydrophobic interactions between the JH and the binding pocket, and the stable R, -unsaturated ester of JH. This would result in a slow cleavage of the acyl-enzyme intermediate and hence a lower k cat .
The examination of the role of the sulfur atom in the mechanism of inhibitor binding has therefore provided important information on the binding of the endogenous substrate to JHE. It is most likely that JHE's have evolved to include an aromatic residue that assists in the substrate binding, which could partly explain the extremely low K m value. This work therefore provides insight into the mechanism by which JHE effectively regulates the biological development of insects.
